Introduction
============

Nature has developed the ability to perform catalytic chemical transformations at amazing rates and efficiencies. For example, hydrogenase enzymes are able to both produce and oxidize H~2~ at rates exceeding 10 000 s^--1^ and at low overpotentials (high efficiencies).^[@cit1]--[@cit3]^ Such remarkable performance has only been achieved through active sites that have evolved to minimize free energy differences between the reactive intermediates of the catalytic process, with the outer coordination sphere organized to shuttle protons between the surrounding matrix and the metal center.^[@cit4]^ Understanding and mimicking the function of hydrogenase enzymes is a particularly compelling challenge, as increasing efforts worldwide are devoted to utilizing clean, renewable resources for power. Solar and wind have the potential to eliminate our dependence on fossil fuels; however, their irregular geographic and temporal availability underlies the necessity for efficient energy storage technologies. One promising strategy is to electrochemically convert energy into chemical bonds in the form of a fuel such as H~2~, which can be stored, transported and used when needed.^[@cit5]^ Current H~2~ fuel cell technologies rely on high-cost, low abundant metals, such as platinum, to accomplish the oxidation of H~2~, limiting their widespread use.^[@cit6]^ Hydrogenase enzymes, which use earth-abundant Ni and Fe metals, serve as inspiration to develop non-precious metal molecular catalysts for H~2~ production and oxidation with comparable rates and efficiencies.^[@cit7]--[@cit10]^

Development of functional mimics of the \[FeFe\]-hydrogenase has focused on optimizing the first and second coordination spheres of the active catalytic site.^[@cit11]--[@cit15]^ Less attention has been paid towards the development and utility of the outer coordination sphere in synthetic catalysts to improve catalytic performance.^[@cit16]^ Although outer coordination sphere interactions may seem remote from the active site, recent work by Shaw has demonstrated that these effects can play a significant role in catalytic transformations.^[@cit16]^ Synthetic iron complexes that heterolytically cleave H~2~ have appeared in the literature including those that catalyze the oxidation of H~2~ using a chemical oxidant.^[@cit17]--[@cit19]^ Our Center reported (Cp^C~6~F~5~^)Fe(P^*t*Bu^~2~N^Bn^~2~)H (P^R^~2~N^R′^~2~ = RP(CH~2~N(R′)CH~2~)~2~PR), a molecular iron electrocatalyst for the oxidation of H~2~ with an active site that has been thermodynamically tuned through modification of the first coordination sphere, and a pendant amine in the second coordination sphere to heterolytically cleave H~2~.^[@cit20]^ Very recently, we reported the related (Cp^C~5~F~4~N^)Fe(P^R^N^R′^P^R^)Cl family of complexes (P^R^N^R′^P^R^ = R~2~PCH~2~N(R′)CH~2~PR~2~) for molecular electrocatalytic oxidation of H~2~ that included a detailed mechanistic study of the catalytic process.^[@cit21]^ In that study, deprotonation of the Fe([iii]{.smallcaps}) hydride was identified as having a significant thermodynamic barrier due to the mismatch between the p*K*~a~ values of the metal hydride and that of the protonated pendant base, limiting the rate of electrocatalytic H~2~ oxidation. We now report the synthesis of a modified iron complex that incorporates an *additional* proton relay in the *outer* coordination sphere to facilitate intramolecular proton movement. This new iron complex, (Cp^C~5~F~4~N^)Fe(P^Et^N^(CH~2~)~3~NMe~2~^P^Et^)(Cl), **1-Cl**, electrocatalytically oxidizes H~2~ (1 atm) at a rate more than two orders of magnitude faster than the first iron-based, homogeneous H~2~ oxidation electrocatalyst, (Cp^C~6~F~5~^)Fe(P^*t*Bu^~2~N^Bn^~2~)(H) and one order of magnitude faster than the second generation (Cp^C~5~F~4~N^)Fe(P^R^N^R′^P^R^)(H) catalysts.^[@cit20],[@cit21]^ Equally remarkable, the addition of an outer sphere proton relay to a (Cp^C~5~F~4~N^)Fe(P^R^N^R′^P^R^)(H) catalyst increased the rate *without* an increase in the overpotential, illustrating the power of controlling proton movement for improved catalytic performance. Our study clearly demonstrates that outer coordination sphere effects can significantly enhance the performance of bio-inspired synthetic molecular catalysts.

Results
=======

Synthesis and characterization of (Cp^C~5~F~4~N^)Fe(P^Et^N^(CH~2~)~3~NMe~2~^P^Et^)(Cl) (**1-Cl**) and electrocatalytic intermediates
------------------------------------------------------------------------------------------------------------------------------------

The green iron chloride complex, **1-Cl**, was prepared by treating (P^Et^N^(CH~2~)~3~NMe~2~^P^Et^)FeCl~2~ with NaCp^C~5~F~4~N^, and isolated in 92% yield. Reaction of **1-Cl** with NaBAr^F^~4~ (Ar^F^ = 3,5-bis(trifluoromethyl)phenyl) under an atmosphere of H~2~ generated the protonated iron hydride species, **1-Fe*H*(N*H*)**, which has been characterized by heteronuclear NMR spectroscopy and single crystal X-ray diffraction ([Fig. 1](#fig1){ref-type="fig"}, and ESI Table S1[†](#fn1){ref-type="fn"}). Spectroscopic NMR studies of **1-Fe*H*(N*H*)** in solution were diagnostic of dynamic behavior involving the H~2~ ligand (see below); however, at --40 °C, the ^1^H NMR spectrum exhibits iron hydride (--17.9 ppm) and protonated amine (10.4 ppm) resonances, indicative of heterolytically cleaved H~2~. In the solid state ([Fig. 1](#fig1){ref-type="fig"}), **1-Fe*H*(N*H*)** adopts a three-legged piano-stool geometry, where the six-membered ring comprised of the PNP backbone and the iron center is in a boat conformation. The structure illustrates that heterolytic cleavage of H~2~ has occurred, as was also observed in the recently reported neutron diffraction structure of (Cp^C~5~F~4~N^)Fe(H)(P^*t*Bu^~2~N^*t*Bu^~2~H).^[@cit22]^ The proton located on the outer coordination sphere amine forms a six-membered ring with the second coordination sphere pendant base through hydrogen bonding. Addition of five equivalents of *N*-methylpyrrolidine deprotonated complex **1-Fe*H*(N*H*)** and furnished the iron hydride species, **1-H**, as a viscous, red oil in 51% yield.

![(a) Observable catalytic intermediates from the reaction of **1-Cl** with NaBAr~4~^F^ under 1 atm H~2~. (b) Representation of the solid-state structure of **1-Fe*H*(N*H*)** with 30% probability ellipsoids. The BAr^F^~4~ anion and all hydrogen atoms with the exception of the proton and the hydride are omitted for clarity.](c5sc00398a-f1){#fig1}

Electrochemical characterization of the iron complexes and electrocatalytic oxidation of H~2~
---------------------------------------------------------------------------------------------

Electrochemical characterization of the iron complexes were carried out in fluorobenzene solutions to avoid catalyst inhibition from solvent binding to the 16-electron complex.^[@cit21]^ The cyclic voltammogram (CV) of **1-Cl** exhibits a reversible one-electron oxidation wave assigned to the Fe^II/III^ couple at --0.42 V *versus* the ferrocenium/ferrocene couple ([Fig. 2a](#fig2){ref-type="fig"}). Irreversible oxidation waves for the protonated iron hydride, **1-Fe*H*(N*H*)** (*E*~p~ = --0.36 V) and the iron hydride, **1-H** (*E*~p~ = --0.61 V) are observed in their CVs ([Fig. 2a](#fig2){ref-type="fig"}). Electrocatalytic oxidation studies of H~2~ are carried out after addition of NaBAr^F^~4~ to **1-Cl** under 1 atm H~2~ in fluorobenzene. Cyclic voltammograms recorded upon subsequent additions of either 1,4-diazabicyclo\[2.2.2\]octane ([Fig. 2b](#fig2){ref-type="fig"}, DABCO, p*K*~a~ = 18.2 for H-DABCO^+^ in CH~3~CN) or *N*-methylpyrrolidine (Fig. S1,[†](#fn1){ref-type="fn"} p*K*~a~ = 18.5 for *N*-methylpyrrolidinium in CH~3~CN) result in a current enhancement consistent with electrocatalytic H~2~ oxidation.^[@cit23],[@cit24]^ Base concentration and scan rate independence is achieved at 0.1 M DABCO and 6 V s^--1^ ([Fig. 2c](#fig2){ref-type="fig"} and S2[†](#fn1){ref-type="fn"}), indicating that steady state conditions were achieved, yielding a reliable catalytic current (*i*~cat~) for calculation of the turnover frequency (TOF). Similar results were obtained when using *N*-methylpyrrolidine as exogenous base (Fig. S1[†](#fn1){ref-type="fn"}). Bulk electrolysis of a 0.5 mM solution of **1** in the presence of 1 atm of H~2~ and 77 mM *N*-methylpyrrolidine confirmed H~2~ oxidation through the quantitative analysis of the protons *via* NMR spectroscopy, resulting in an average current efficiency of 95% and a minimum turnover number of 6.

![(a) CVs of **1-Cl** (green), **1-Fe*H*(N*H*)** (orange), and **1-H** (red) in fluorobenzene solution at 50 mV s^--1^. (b) CVs of a fluorobenzene solution of **1-Fe*H*(N*H*)** upon addition of DABCO under 1 atm H~2~ at 50 mV s^--1^. The initial CV (black) corresponds to **1-Cl** prior to activation with NaBAr~4~^F^. (c) CVs of a fluorobenzene solution of **1-H** in the presence of 77 mM DABCO under 1 atm H~2~ as a function of scan rate. Conditions for all experiments: 1 mM \[Fe\], 0.1 M \[^*n*^Bu~4~N\]\[B(C~6~F~5~)~4~\], 22 °C.](c5sc00398a-f2){#fig2}

The TOF for catalytic H~2~ oxidation with **1-Cl** was calculated using eqn (1).^[@cit25],[@cit26]^ In this equation, *i*~p~ is the current under non-catalytic conditions, *i*~cat~ is the catalytic current, *n* is the number of electrons (2) involved in the catalytic reaction, *k*~obs~ is the observed first-order rate constant (TOF), *R* is the universal gas constant, *T* is the temperature in Kelvin, *F* is Faraday\'s constant, *ν* is the scan rate, and 0.4463 is a constant determined by numerical solution of the diffusion equations.^[@cit27]^ The TOF for the oxidation of H~2~ catalyzed by **1-Cl** was determined to be 290 s^--1^ in the presence of ≥77 mM DABCO under 1 atm of H~2~ at a half-wave potential (*E*~cat/2~) of --0.46 V. The TOF for the oxidation of H~2~ catalyzed by **1-Cl** was determined to be 180 s^--1^ in the presence of ≥65 mM *N*-methylpyrrolidine, the base used in previously reported catalytic studies with (Cp^C~5~F~4~N^)Fe(P^Et^N^Me^P^Et^)(Cl) (Fig. S1[†](#fn1){ref-type="fn"}). The thermodynamic potential for the oxidation of H~2~ using a 10 : 1 (base to acid) buffered solution of DABCO was determined by open circuit potential measurement and was found to be 1.22 V, resulting in a 0.65 V overpotential at *E*~cat/2~ (Fig. S3--S5[†](#fn1){ref-type="fn"}).^[@cit28],[@cit29]^ A buffered solution was used for the determination of the overpotential to minimize the experimental uncertainty in the measurement, in accord with recent recommendations.^[@cit29]^

Discussion
==========

Comparison of (Cp^C~5~F~4~N^)Fe(P^Et^N^(CH~2~)~3~NMe~2~^P^Et^)(X), (Cp^C~5~F~4~N^)Fe(P^Et^N^Me^P^Et^)(X) and (Cp^C~5~F~4~N^)Fe(Et~2~P(CH~2~)~3~PEt~2~)(X) (X = Cl, H)
---------------------------------------------------------------------------------------------------------------------------------------------------------------------

To illustrate the impact of the number of proton relays on the rate of H~2~ oxidation, electrochemical and electrocatalytic studies using iron complexes without pendant amines ((Cp^C~5~F~4~N^)Fe(depp)(X) (X = Cl, H), [Scheme 1](#sch1){ref-type="fig"}) and with one pendant amine ((Cp^C~5~F~4~N^)Fe(P^Et^N^Me^P^Et^)(X), [Scheme 1](#sch1){ref-type="fig"}) were conducted under identical conditions to those of **1-X**. For the three Fe complexes, the reversible Fe([iii]{.smallcaps}/[ii]{.smallcaps}) couple of the Cl^--^ complexes differ by only 40 mV ([Table 1](#tab1){ref-type="table"} and Fig. S6[†](#fn1){ref-type="fn"}). Similarly, the peak of the waves of the Fe([ii]{.smallcaps}) hydride complexes range from --0.56 to 0.61 V ([Table 1](#tab1){ref-type="table"} and Fig. S7[†](#fn1){ref-type="fn"}). The (Cp^C~5~F~4~N^)Fe(depp)(H)([iii]{.smallcaps}/[ii]{.smallcaps}) couple is reversible, while the (Cp^C~5~F~4~N^)Fe(P^Et^N^Me^P^Et^)(H)([iii]{.smallcaps}/[ii]{.smallcaps}) wave is irreversible, but becomes reversible at scan rates ≥0.5 V s^--1^. The Fe([iii]{.smallcaps}/[ii]{.smallcaps}) couple for **1-H** is irreversible up to scan rates as fast as 50 V s^--1^ (Fig. S8[†](#fn1){ref-type="fn"}). The irreversible nature of the Fe([ii]{.smallcaps}) hydride oxidation of (Cp^C~5~F~4~N^)Fe(P^Et^N^Me^P^Et^)(H) and **1-H** can be attributed to the intramolecular deprotonation of the hydride by the pendant amines.^[@cit21]^ In the presence of exogenous base, the reversibility of the Fe([ii]{.smallcaps}) hydride oxidation waves as a function of scan rate can be used to estimate pseudo-first-order rate constants for intermolecular deprotonation. For (Cp^C~5~F~4~N^)Fe(depp)(H) this rate was estimated to be \<0.1 s^--1^ and \>25 s^--1^ for (Cp^C~5~F~4~N^)Fe(P^Et^N^Me^P^Et^)(H).^[@cit21]^ Similar studies of **1-H** show no reversibility, indicating the rate of intermolecular deprotonation is likely ≫25 s^--1^ (Fig. S9[†](#fn1){ref-type="fn"}). This data indicates that providing a pathway to move the proton further away from the metal center results in more facile deprotonation by the exogenous base.

![Complexes compared to examine the role of the number of pendant amines (X = Cl, or H).](c5sc00398a-s1){#sch1}

###### Electrochemical and electrocatalytic data for complexes with increasing number of proton relays

  Compound                                Fe([iii]{.smallcaps}/[ii]{.smallcaps}) couple[^*a*^](#tab1fna){ref-type="table-fn"} (V) X = Cl   Fe([iii]{.smallcaps}/[ii]{.smallcaps}) couple[^*b*^](#tab1fnb){ref-type="table-fn"} (V) X = H   TOF[^*c*^](#tab1fnc){ref-type="table-fn"} (s^--1^)   Overpotential[^*d*^](#tab1fnd){ref-type="table-fn"} (V)
  --------------------------------------- ------------------------------------------------------------------------------------------------ ----------------------------------------------------------------------------------------------- ---------------------------------------------------- ---------------------------------------------------------
  (Cp^C~5~F~4~N^)Fe(depp)(X)              --0.45                                                                                           --0.60                                                                                          NC[^*e*^](#tab1fne){ref-type="table-fn"}             ---
  (Cp^C~5~F~4~N^)Fe(P^Et^N^Me^P^Et^)(X)   --0.41                                                                                           --0.56                                                                                          34                                                   0.64
  **1-X**                                 --0.42                                                                                           --0.61                                                                                          290                                                  0.65

^*a*^Conditions: fluorobenzene solution, 1 mM \[Fe\], 0.1 M \[^*n*^Bu~4~N\]\[B(C~6~F~5~)~4~\], 50 mV s^--1^, 22 °C.

^*b*^Values reported are for the oxidative peak potential.

^*c*^Reported values were determined upon addition of a DABCO solution, and are given under base- and scan rate-independent conditions (see above and the ESI† for additional information).

^*d*^Reported values were determined upon addition of a 10 : 1 DABCO to DABCO-H^+^ solution as the exogenous base, and are given under base- and scan rate-independent conditions (see above and the ESI† for additional information).

^*e*^Not Catalytic (NC) -- no significant current enhancement was observed, indicating this complex is not a catalyst for H~2~ oxidation.

Electrocatalytic H~2~ oxidation with **1-Cl** resulted in a TOF of 180 s^--1^ using *N*-methylpyrrolidine as the exogenous base and a TOF of 290 s^--1^ when using DABCO. Although *N*-methylpyrrolidine and DABCO have similar p*K*~a~ values, the less sterically demanding nature of DABCO yields faster rates of H~2~ oxidation, indicating deprotonation by exogenous base is likely a rate-limiting factor. In order to study the effect of the outer coordination sphere pendant amine on catalysis, H~2~ oxidation TOFs and overpotentials with Fe(depp)(X) and Fe(P^Et^N^Me^P^Et^)(X) and DABCO were determined ([Table 1](#tab1){ref-type="table"} and Fig. S10 and 11[†](#fn1){ref-type="fn"}). The rates of H~2~ oxidation by the three compounds increase as the number of pendant amines increases, with no significant change (\<10 mV) in the overpotential. This data is again consistent with the hypothesis that increasing the rate of deprotonation of the Fe([iii]{.smallcaps}) hydride increases the rate of catalysis, rather than an increase attributable to the driving force (overpotential) of catalysis.

Proposed mechanism of electrocatalytic H~2~ oxidation
-----------------------------------------------------

The proposed mechanism for H~2~ oxidation by **1-Cl** is shown in [Fig. 3](#fig3){ref-type="fig"} (some intermediates have been omitted for clarity; see Fig. S12--14[†](#fn1){ref-type="fn"} for complete mechanistic details). Addition of H~2~ to the unsaturated, 16-electron Fe([ii]{.smallcaps}) complex is followed by heterolytic cleavage to form the protonated iron hydride **1-Fe*H*(N*H*)**. A dihydrogen bonding^[@cit30]^ interaction between the proton and hydride in this complex is likely, as previously observed in the analogous \[(Cp^C~5~F~4~N^)Fe(H)(P^*t*Bu^~2~N^*t*Bu^~2~H)\]^+^ complex.^[@cit22]^ Computed thermodynamic and kinetic parameters for these steps ([Fig. 3](#fig3){ref-type="fig"}, steps 1--3) suggest that the resulting species are close in free energy and the barriers are less than 9 kcal mol^--1^ (Fig. S13[†](#fn1){ref-type="fn"}), and therefore do not limit the observed rate of oxidation of H~2~. These results are further supported by the dynamic behavior observed by ^1^H NMR spectroscopy (Fig. S15[†](#fn1){ref-type="fn"}). At --40 °C (at 500 MHz), the proton and hydride environments of **1-Fe*H*(N*H*)** are resolved, and the Fe*H* (--17.93 ppm) and N*H* (10.39 ppm) resonances are independently observed. This peak separation corresponds to a proton hydride exchange of ∼6.4 × 10^3^ s^--1^ (Δ*G*^‡^ of 12 kcal mol^--1^ according to simple transition state theory arguments) at the coalescence temperature of ∼20 °C. The coalesced proton-hydride resonance is observed at --6.1 ppm (65 °C). This deviates from the expected value of about --3.8 ppm, and is consistent with contributions from other energetically-matched species (*i.e.* Fe(η^2^-H~2~) complex). In addition to the fluxional behavior of the proton and hydride resonances, the ethyl and methylene resonances of P^Et^N^(CH~2~)~3~NMe~2~^P^Et^ also coalesce at elevated temperatures (Fig. S15[†](#fn1){ref-type="fn"}). At --40 °C (500 MHz), the two ethyl environments are resolved, and the two resonances are independently observed (0.71 and 0.81 ppm). This peak separation corresponds to a Fe--PNP inversion (Fig. S16[†](#fn1){ref-type="fn"}) rate of 25 s^--1^ at the coalescence temperature of ∼40 °C (Δ*G*^‡^ of 16 kcal mol^--1^). This behavior is consistent with loss of H~2~ and formation of the pseudosymmetric, fluxional 16-electron species, and is consistent with the computational results. Given the calculated energies and this experimentally determined rate for heterolytic cleavage, it is apparent that these steps are not rate-limiting for catalysis in this system.

![Proposed mechanism for the electrocatalytic oxidation of H~2~ by \[(Cp^C~5~F~4~N^)Fe(P^Et^N^(CH~2~)~3~NMe~2~^P^Et^)\]^+^. Steps (4) and (8) include opening of the six-membered ring (not shown), prior to deprotonation by exogenous base (see [Fig. 4](#fig4){ref-type="fig"}, S13 and S14[†](#fn1){ref-type="fn"}). The Cp^C~5~F~4~N^ and ethyl substituents on the phosphorus atoms have been omitted for clarity (R′ = CH~2~CH~2~CH~2~N(CH~3~)~2~).](c5sc00398a-f3){#fig3}

Consistent with our current study, previous experimental and computational work describing the mechanism of H~2~ oxidation by the Fe--P^R^N^R′^P^R^ family of complexes indicated that H~2~ addition and cleavage (*i.e.*, [Fig. 3](#fig3){ref-type="fig"}, steps 1 and 2) and the subsequent deprotonation of the pendant amine of the Fe([ii]{.smallcaps}) hydride (*i.e.*, [Fig. 3](#fig3){ref-type="fig"}, steps 3--4) do not significantly contribute to the overall catalytic rate. In contrast, the intramolecular followed by intermolecular deprotonation steps of the Fe([iii]{.smallcaps}) hydride are the steps that limit the overall observed rate of catalysis ([Fig. 3](#fig3){ref-type="fig"}, steps 6--8, [Fig. 4](#fig4){ref-type="fig"}).^[@cit21]^ The large difference in acidity between the Fe([iii]{.smallcaps}) hydride and the protonated, secondary sphere pendant amine (9 p*K*~a~ units) makes the intramolecular proton transfer thermodynamically unfavorable. Additionally, the poor steric accessibility of the protonated pendant amine introduces a further penalty for removal of the proton by an exogenous base (*e.g.*[Fig. 4](#fig4){ref-type="fig"}, green Δ*G*‡inter). A detailed computational analysis of H~2~ oxidation by \[(Cp^C~5~F~4~N^)Fe(P^Et^N^(CH~2~)~3~NMe~2~^P^Et^)\]^+^ using *N*-methylpyrrolidine as the exogenous base was carried out, allowing for direct comparison to the previously published \[(Cp^C~5~F~4~N^)Fe(P^Et^N^Me^P^Et^)\]^+^ complex.^[@cit21]^ The calculations revealed that introduction of an outer coordination sphere amine results in a more suitably energy-matched pathway for the proton from the Fe([iii]{.smallcaps}) center to the periphery of the catalyst ([Fig. 4](#fig4){ref-type="fig"}, red trace). The presence of the outer coordination sphere amine stabilizes the aminium in the second coordination sphere through intramolecular hydrogen bonding, which results in a reduced p*K*~a~ difference between the Fe([iii]{.smallcaps}) hydride intermediate and protonated amine by about 3 p*K*~a~ units with respect to the \[(Cp^C~5~F~4~N^)Fe(P^Et^N^Me^P^Et^)\]^+^ complex (Fig. S9[†](#fn1){ref-type="fn"}).^[@cit21]^ Proton transfer between the two pendant amines is very facile, and the intramolecular hydrogen bond between them easily breaks, exposing the protonated outer sphere amine to the exogenous base, diminishing the steric penalty for deprotonation. It is important to point out that direct deprotonation of the Fe([iii]{.smallcaps}) hydride either by the outer sphere amine ([Fig. 4](#fig4){ref-type="fig"}, orange Δ*G*‡intra) or by an exogenous base ([Fig. 4](#fig4){ref-type="fig"}, blue Δ*G*‡inter) is kinetically disfavored because of the scarce accessibility of the base to the metal hydride. A detailed mechanistic discussion of the various pathways for the proton movement is provided in the ESI.[†](#fn1){ref-type="fn"} As observed in the remarkable TOF exhibited by this catalyst, the low energy pathway provided by the addition of the outer coordination sphere pendant amine to move the proton away from the Fe([iii]{.smallcaps}) active site mimics the functionality of hydrogenase enzymes, in which protons shuttle through different amino acids for rapid proton movement.

![Free energy diagram for the key intra- and intermolecular deprotonation steps of \[(Cp^C~5~F~4~N^)Fe(P^Et^N^(CH~2~)~3~NMe~2~^P^Et^)(H)\]^+^ by *N*-methylpyrrolidine as obtained from density functional theory calculations (see ESI[†](#fn1){ref-type="fn"} for additional details). Red lines: lowest-free energy deprotonation pathway (upper reaction scheme); blue line: direct deprotonation of the iron([iii]{.smallcaps}) hydride by the exogenous base; orange line: deprotonation of the iron([iii]{.smallcaps}) hydride by the outer coordination sphere pendant amine; green line: deprotonation of the second coordination sphere pendant amine by exogenous base. The Cp^C~5~F~4~N^ substituent has been omitted for clarity.](c5sc00398a-f4){#fig4}

Conclusions
===========

These results conclusively demonstrate that controlled movement of protons from the primary, to the secondary and outer coordination spheres dramatically improves the rate of H~2~ oxidation in an iron-based molecular electrocatalyst without increasing the overpotential. Although this report focuses on a single catalyst, the comprehensive thermodynamic analysis highlights the broader implications of this approach, specifically how mimicking enzyme functionality to minimize free energy differences between catalytic intermediates can be used to improve catalyst performance. One of the most exciting results from this work is the demonstrated use of rational catalyst design to control proton movement and lower the barrier of the rate-limiting step in catalysis by the previously reported (Cp^C~5~F~4~N^)Fe(P^R^N^R′^P^R^)(H) family. As electrocatalytic rates of H~2~ oxidation escalate, an increased focus on lowering the overpotential of these catalysts will be crucial.

Experimental
============

All manipulations of free phosphine ligands and metal reagents were carried out under argon using standard vacuum line, Schlenk, and inert atmosphere glovebox techniques. Solvents were purified by passage through neutral alumina using an Innovative Technology, Inc., PureSolv™ solvent purification system. THF-*d*~8~ and bromobenzene-*d*~5~ were vacuum transferred from NaK and CaH~2~, respectively after stirring for a minimum of 24 h under an inert atmosphere prior to use. DABCO was dried under vacuum prior to use. *N*-Methylpyrrolidine was dried over KOH, degassed, distilled under vacuum, and stored in an argon-filled glovebox. Elemental analyses were performed by Atlantic Microlab, Inc. in Norcross, GA. The following compounds were prepared according to literature procedures: NaCp^C~5~F~4~N^,^[@cit22]^ and \[(Et~2~O)~2~H\]\[B(C~6~F~5~)~4~\].^[@cit31]^ Additional experimental details can be found in the ESI, pages S3--S7.[†](#fn1){ref-type="fn"}

Instrumentation
---------------

### NMR

Spectra were recorded on a Varian Inova spectrometer (500 MHz for ^1^H) at 22 °C unless otherwise noted. All ^1^H chemical shifts have been internally calibrated using the monoprotio impurity of the deuterated solvent. The ^31^P{^1^H} NMR spectra were referenced to external phosphoric acid at 0 ppm. The ^19^F NMR spectra were referenced to external fluorobenzene at --113.15 ppm. A fluorobenzene solution of tetramethylsilane (3.0 mM) was used as the solvent for variable temperature NMR experiments.

### Electrochemistry

All experimental procedures were conducted at ambient temperature, 22--23 °C, under argon in a vacuum atmospheres drybox. A standard three-electrode configuration was employed in conjunction with a CH Instruments potentiostat interfaced to a computer with CH Instruments 700 D software. All voltammetric scans were recorded using glassy-carbon working electrode disks of 1 mm diameter (Cypress Systems EE040). A glassy-carbon rod (Structure Probe, Inc.) and platinum wire (Alfa-Aesar) were used as auxiliary electrodes and quasi-reference electrodes, respectively. All glassware for electrochemical experiments was oven dried overnight and allowed to cool to room temperature before use. \[Cp~2~Co\]\[PF~6~\] and (η^6^-C~6~H~6~)~2~Cr were used as an internal standard, and all potentials reported within this work are measured *vs.* the Cp~2~Co^+/0^ couple at --1.33 V or the (η^6^-C~6~H~6~)~2~Cr^+/0^ couple at --1.22 V and are reported *vs.* Cp~2~Fe^+/0^. Bases were measured and transferred to electrochemical solutions *via* gas-tight syringes. Controlled potential electrolyses were performed using a high-power BASi potentiostat (Fig. S17[†](#fn1){ref-type="fn"}).

### UV-vis

UV-vis data were collected under argon with an Ocean Optics USB2000+ spectrometer (Fig. S18[†](#fn1){ref-type="fn"}).

### X-ray diffraction

The crystal selected for diffraction studies was immersed in Paratone-N oil, placed on a Nylon loop, and transferred to a precooled cold stream of N~2~. A Bruker KAPPA APEX II CCD diffractometer with 0.71073 Å Mo Kα radiation was used. The space group was determined on the basis of systematic absences and intensity statistics. The structure was solved by direct methods and refined by full-matrix least squares on *F*^2^. All non-hydrogen atoms were refined anisotropically unless otherwise stated. Hydrogen atoms were placed at idealized positions and refined using the riding model unless otherwise stated. Data collection and cell refinement were performed using Bruker APEX2 software. Data reduction and absorption correction was performed using Bruker\'s SAINT and SADABS programs, respectively.^[@cit32],[@cit33]^ Structural solution and refinements were completed using SHELXS-97 and SHELXL-97 ([@cit34]) using the OLEX2 software package^[@cit35]^ as a front-end.

### Computational details

All possible reaction intermediates involved in the catalytic cycle and the transitions states between them were optimized *via* density function theory (DFT) calculations. The hybrid B3P86 functional^[@cit36],[@cit37]^ was used along with the Stuttgart--Dresden relativistic effective core potential for Fe and its associated basis set (SDD)^[@cit38]^ and the 6-31G\* basis set for all the atoms with one additional *p* polarization function^[@cit39]^ for the protic hydrogens. This level of theory has previously shown great accuracy for thermodynamic and kinetics parameters of first row transition metal based catalytic systems.^[@cit40]^ Harmonic vibrational frequencies were calculated at the optimized geometries using the same level of theory to estimate the zero-point energy (ZPE) and the thermal contributions (298 K and 1 atm) to the free energy. Transition states were verified by intrinsic reaction coordinate (IRC) calculations. All the molecular structures were optimized in fluorobenzene using the SMD continuum model^[@cit43]^ of solvation. Calculations were performed using *Gaussian* 09 suite of programs.^[@cit44]^

Preparation of Et~2~PCH~2~N((CH~2~)~3~NMe~2~)CH~2~PEt~2~
--------------------------------------------------------

A 50 mL Schlenk flask was loaded with 0.67 g (22 mmol) of paraformaldehyde, 15 mL of absolute ethanol, and a stir bar. Cycling between vacuum and nitrogen degassed the vessel, and 2.54 mL (22 mmol) of diethylphosphine was added by syringe with rapid stirring. After 0.5 h, 1.40 mL (11 mmol) of 3-(dimethylamino)-1-propylamine was added by syringe. The suspension rapidly became a clear, colorless solution over the course of 1 h. After 24 h, the solvent was removed under vacuum, and 3.20 g (94% yield) of a colorless oil identified as Et~2~PCH~2~N((CH~2~)~3~NMe~2~)CH~2~PEt~2~ was collected. ^1^H{^31^P} NMR (THF-*d*~8~, 22 °C): *δ* 1.06 (t, *J* = 7.6 Hz, 12H, P(CH~2~C*H*~3~)~2~), 1.28--1.48 (m, 8H, P(C*H*~2~CH~3~)~2~), 1.58 (dt, *J* = 14.2, 7.1 Hz, 2H, NCH~2~C*H*~2~CH~2~NMe~2~), 2.13 (s, 6H, N(C*H*~3~)~2~), 2.22 (app. t, *J* = 7.1 Hz, 2H, NCH~2~CH~2~C*H*~2~NMe~2~), 2.67 (app. t, *J* = 7.1 Hz, 2H, NC*H*~2~CH~2~CH~2~NMe~2~), 2.74 (s, 4H, PC*H*~2~N). ^31^P{^1^H} NMR (THF-*d*~8~, 22 °C): *δ* --32.9 (s). ^13^C{^1^H} NMR (THF-*d*~8~, 22 °C): *δ* 15.5 (d, *J*~CP~ = 14 Hz, P(CH~2~*C*H~3~)~2~), 19.6 (d, *J*~CP~ = 13 Hz, P(*C*H~2~CH~3~)~2~), 26.5 (s, NCH~2~*C*H~2~CH~2~NMe~2~), 46.0 (s, N(*C*H~3~)~2~), 55.9 (t, *J*~CP~ = 8 Hz, N*C*H~2~CH~2~CH~2~NMe~2~), 58.4 (dd, *J*~CP~ = 5, 8 Hz, P*C*H~2~N), 58.7 (s, NCH~2~CH~2~*C*H~2~NMe~2~).

Preparation of (Cp^C~5~F~4~N^)Fe(P^Et^N^(CH~2~)~3~NMe~2~^P^Et^)(Cl) (**1-Cl**)
------------------------------------------------------------------------------

A 20 mL scintillation vial was charged with 0.083 g (0.65 mmol) of FeCl~2~, 2 mL THF and a stir bar. A solution of Et~2~PCH~2~N((CH~2~)~3~NMe~2~)CH~2~PEt~2~ (0.20 g, 0.65 mmol) in 3 mL of THF was added to the suspension with rapid stirring, and the mixture rapidly became golden yellow. After stirring for 1 h, the resulting solution was stored at --35 °C for 30 minutes. A chilled (10 mL, --35 °C for 20 minutes) THF solution of NaCp^C~5~F~4~N^ (0.16 g, 0.65 mmol) was added in a dropwise fashion with rapid stirring, causing an immediate color change to an intense green. After 24 h, the solvent was removed under vacuum. The residue was extracted with diethyl ether, and the resulting mixture was filtered through a pad of Celite. The solvent was removed under vacuum to afford 0.37 g (92% yield) of a dark green solid identified as (Cp^C~5~F~4~N^)Fe(P^Et^N^(CH~2~)~3~NMe~2~^P^Et^)(Cl). The product was recrystallized from a saturated solution of diethyl ether at --35 °C to afford analytically pure material. Anal. calcd for C~25~H~40~ClF~4~FeN~3~P~2~: C, 49.08; H, 6.59; N, 6.87. Found: C, 49.34; H, 6.64; N, 6.89. ^1^H{^31^P} NMR (THF-*d*~8~, 22 °C): *δ* 1.19 (t, *J* = 7.7 Hz, 6H, P(CH~2~C*H*~3~)~2~), 1.23 (t, *J* = 7.7 Hz, 6H, P(CH~2~C*H*~3~)~2~), 1.55 (p, *J* = 7.0 Hz, 2H, NCH~2~C*H*~2~CH~2~NMe~2~), 1.94--2.08 (m, 4H, P(C*H*~2~CH~3~)~2~), 2.11 (s, 6H, N(C*H*~3~)~2~), 2.14--2.38 (m, 6H, P(C*H*~2~CH~3~)~2~ and NC*H*~2~CH~2~CH~2~NMe~2~), 2.26 (d, *J* = 12.6 Hz, 2H, NC*H*~2~P), 2.42 (t, *J* = 7.0 Hz, 2H, NC*H*~2~CH~2~CH~2~NMe~2~), 2.77 (d, *J* = 12.6 Hz, 2H, NC*H*~2~P), 3.77 (app. t, *J* = 2.1 Hz, 2H, C~5~*H*~4~C~5~F~4~N), 5.43 (app. p, *J* = 1.8 Hz, 2H, C~5~*H*~4~C~5~F~4~N). ^31^P NMR (THF-*d*~8~, 22 °C): *δ* 44.5 (s). ^19^F NMR (THF-*d*~8~, 22 °C): *δ* --141.0 (m), --96.6 (m).

Characterization of \[(Cp^C~5~F~4~N^)Fe(P^Et^N^(CH~2~)~3~N(H)Me~2~^P^Et^)(H)\]\[BAr~4~^F^\] (**1-Fe*H*(N*H*)**)
---------------------------------------------------------------------------------------------------------------

A 5 mL scintillation vial was charged with **1** (0.015 g, 24 μmol), NaBAr^F^~4~ (0.022 g, 24 μmol), and a stir bar. Bromobenzene-*d*~5~ (1 mL) was added with rapid stirring under an atmosphere of H~2~, resulting in a rapid color change from intensely green to a transparent red-orange. The mixture was filtered through a pad of Celite, and the resulting solution was characterized by NMR spectroscopy. ^1^H NMR (fluorobenzene, 25 °C): *δ* 0.75 (br m, 6H, P(CH~2~C*H*~3~)~2~), 0.86 (br m, 6H, P(CH~2~C*H*~3~)~2~), 1.18--1.37 (br m, 6H, P(C*H*~2~CH~3~)~2~ and NCH~2~C*H*~2~CH~2~NMe~2~), 1.48 (br m, 4H, P(C*H*~2~CH~3~)~2~), 1.67 (br d, *J* = 11.7 Hz, NC*H*~2~P), 2.19 (br d, *J* = 11.7 Hz, NC*H*~2~P), 2.27 (s, 6H, N(C*H*~3~)~2~), 2.31 (br t, *J* = 5 Hz, 2H, NCH~2~CH~2~C*H*~2~NMe~2~), 2.46 (br t, *J* = 5 Hz, 2H, NC*H*~2~CH~2~CH~2~NMe~2~), 4.40 (br s, 2H, C~5~*H*~4~C~5~F~4~N), 5.07 (br s, 2H, C~5~*H*~4~C~5~F~4~N), 7.63 (br s, 4H, B*Ar*^F^~4~), 8.29 (br s, 8H, B*Ar*^F^~4~). ^31^P NMR (bromobenzene-*d*~5~, 22 °C): *δ* 69.0 (br s). ^19^F NMR (fluorobenzene, 22 °C): *δ* --143.2 (br s, C~5~H~4~C~5~*F*~4~N), --93.7 (br s, C~5~H~4~C~5~F~4~N), --62.3 (br s, BAr^*F*^~4~).

Preparation of (Cp^C~5~F~4~N^)Fe(P^Et^N^(CH~2~)~3~NMe~2~^P^Et^)(H) (**1-H**)
----------------------------------------------------------------------------

A 20 mL scintillation vial was charged with **1** (0.15 g, 0.24 mmol), NaBAr^F^~4~ (0.22 g, 0.24 mmol), and a stir bar. Fluorobenzene (10 mL) was added with rapid stirring under an atmosphere of H~2~, resulting in a rapid color change from intensely green to a transparent red-orange. After 1 h, *N*-methylpyrrolidine (0.13 mL, 1.2 mmol) was added by microsyringe and the solution immediately became purple-red in color. After stirring for 24 h, the solvent was removed under vacuum. The residue was extracted with toluene, and filtered through a pad of Celite. Removal of solvent afforded a viscous red oil (0.072 g, 51% yield) identified as **1-H**. ^1^H{^31^P} NMR (THF-*d*~8~, 22 °C): *δ* --17.0 (s, 1H, Fe*H*), 0.93 (t, *J* = 7.6 Hz, 6H, P(CH~2~C*H*~3~)~2~), 1.12 (t, *J* = 7.6 Hz, 6H, P(CH~2~C*H*~3~)~2~), 1.29--1.70 (m, 8H, P(C*H*~2~CH~3~)~2~), 1.69--1.87 (m, 4H, NCH~2~C*H*~2~CH~2~NMe~2~ and PC*H*~2~N), 2.12 (s, 6H, N(C*H*~3~)~2~), 2.19 (t, *J* = 6.9, 2H, NC*H*~2~CH~2~CH~2~NMe~2~ or NCH~2~CH~2~C*H*~2~NMe~2~), 2.34 (t, *J* = 7.0, 2H, NC*H*~2~CH~2~CH~2~NMe~2~ or NCH~2~CH~2~C*H*~2~NMe~2~), 2.88 (d, *J* = 12.0, 2H, PC*H*~2~N), 4.54 (app. t, *J* = 2.0 Hz, 2H, C~5~*H*~4~C~5~F~4~N), 5.04 (app. p, *J* = 2.1 Hz, 2H, C~5~*H*~4~C~5~F~4~N). ^31^P NMR (THF-*d*~8~, 22 °C): *δ* 65.2 (d, *J*~PH~ = 71.9 Hz). ^19^F NMR (THF-*d*~8~, 22 °C): *δ* --144.7 (m), --96.8 (m).

Preparation of \[(DABCO)~2~H\]\[B(C~6~F~5~)~4~\]
------------------------------------------------

A 20 mL scintillation vial was charged with DABCO (0.50 g, 4.4 mmol), 5 mL of fluorobenzene, and a stir bar. A fluorobenzene solution (10 mL) of \[(Et~2~O)~2~H\]\[B(C~6~F~5~)~4~ (1.85 g, 2.23 mmol) was added dropwise, and resulted in the precipitation of a white solid. After 4 h, the solvent was removed, and a white solid (1.88 g, 93% yield) identified as \[(DABCO)~2~H\]\[B(C~6~F~5~)~4~\] was isolated. ^1^H NMR (dichloromethane-*d*~2~, 22 °C): *δ* 2.91 (s, 24H, C*H*~2~), 13.81 (s, 1H, N--*H*). ^13^C{^1^H} NMR (dichloromethane-*d*~2~, 22 °C): *δ* 46.0 (s). ^19^F NMR (dichloromethane-*d*~2~, 22 °C): *δ* --166.7 (t, *J* = 18 Hz, B(C~6~*F*~5~)~4~), --162.7 (t, *J* = 20 Hz, B(C~6~*F*~5~)~4~), --132.4 (d, *J* = 10 Hz, B(C~6~*F*~5~)~4~).

Electrochemical H~2~ oxidation catalyzed by \[(Cp^C~5~F~4~N^)Fe(P^Et^N^(CH~2~)~3~NMe~2~^P^Et^)\]^+^
---------------------------------------------------------------------------------------------------

A 1.0 mL fluorobenzene solution containing (Cp^C~5~F~4~N^)Fe(P^Et^N^(CH~2~)~3~NMe~2~^P^Et^)(Cl) (1.0 mM) and \[Bu~4~N\]\[B(C~6~F~5~)~4~\] (0.1 M) was prepared. Cyclic voltammograms were recorded at varying scan rates to determine the non-catalytic current (*i*~p~). NaBAr^F^~4~ (0.9 mg) was added with rapid stirring under an atmosphere of H~2~ resulting in a color change from green to orange. Aliquots of a stock solution of DABCO (0.48 M) in fluorobenzene or a freshly prepared buffered solution of DABCO (see below) were added by microsyringe and cyclic voltammograms were collected after each addition.

Bulk electrolysis
-----------------

Bulk electrolysis was performed using a high-power BASi potentiostat with a four-necked flask. One neck was sealed with a rubber septum through which a copper wire was fed that pierced through a cylinder of reticulated vitreous carbon, and functioned as the working electrode. The second and third necks were equipped with a reference electrode and a counter electrode suspended from copper wire that was fed through rubber septa. A AgCl-coated silver wire suspended in a 0.1 M fluorobenzene solution of \[^*n*^Bu~4~N\]\[B(C~6~F~5~)~4~\] in a glass tube with a Vycor frit served as the reference electrode. The counter electrode consisted of a Ni--Cr coiled wire and a 0.1 M fluorobenzene solution of \[^*n*^Bu~4~N\]\[B(C~6~F~5~)~4~\] in a glass tube with a glass frit. The fourth neck was fitted with a septum through which a copper wire attached to a second working electrode (1 mm PEEK-encased glassy carbon, Cpress Systems EE040) was fed. The second working electrode was used to record cyclic voltammograms. A needle was placed through this septum to introduce H~2~ into the cell. The flask contained 10 mL of a 0.1 M \[^*n*^Bu~4~N\]\[B(C~6~F~5~)~4~\] solution in fluorobenzene as well as **1**, (Cp^C~5~F~4~N^)Fe(P^Et^N^(CH~2~)~3~NMe~2~^P^Et^)(Cl) (0.5 mM) and a small amount of Cp~2~CoPF~6~ (∼0.9 mM) as an internal reference. Before and after adding NaBAr^F^~4~ (10 mg, 11 μmol) and *N*-methylpyrrolidine (80 μL, 77 mM), two cyclic voltammograms were recorded to ensure that the solution was under catalytic conditions and to determining the applied potential for bulk electrolysis. Controlled-potential electrolysis was performed at approximately 0.1 V positive of the peak potential for (Cp^C~5~F~4~N^)Fe(P^Et^N^(CH~2~)~3~NMe~2~^P^Et^)(H). After the application of 4.01 C of charge (corresponding to 4.2 calculated turnovers) a 200 μL aliquot of the solution was removed and mixed with 400 μL of a 20 mM solution of Verkade\'s base (2,8,9-triisopropyl-2,5,8,9-tetraaza-1-phosphabicyclo\[3.3.3\]undecane, 30 mg dissolved in 5 mL tetrahydrofuran). Verkade\'s base (p*K*~a~ of the conjugate acid = 33.6 in CH~3~CN)^[@cit45]^ sequestered all protons from the protonated *N*-methylpyrrolidine (p*K*~a~ of the conjugate acid = 18.5 in CH~3~CN) produced from bulk electrolysis, forming protonated Verkade\'s base. The amount of Verkade\'s base (*δ* 118.0) and protonated Verkade\'s base (*δ* --11.9) can be quantified by ^31^P{^1^H} NMR spectroscopy, based on the known concentration of the base. The amount of protons generated (3.6 mM in a 10 mL solution, 0.036 mmol, corresponding to 3.6 turnovers) from the oxidation of H~2~ can be determined. A second sample was taken after passing 5.90 C of charge (corresponding to 6.2 calculated turnovers), giving the amount of protons as 6.5 mM in a 9.8 mL solution (0.064 mmol, corresponding to 6.6 turnovers). An average Faradic efficiency of 95% was calculated for H~2~ oxidation.

Open circuit potential measurement of a 10 : 1 DABCO to DABCO-H^+^ solution
---------------------------------------------------------------------------

A stock solution of DABCO (0.030 g, 0.27 mmol), \[(DABCO)~2~H\]\[B(C~6~F~5~)~4~\] (0.027 g, 30 μmol) and \[Bu~4~N\]\[B(C~6~F~5~)~4~\] (0.276 g, 0.30 mmol) in fluorobenzene was prepared by transferring the compounds to a 3 mL volumetric flask and diluting with solvent. A 1 mL aliquot of the solution was transferred to the electrochemical cell that was prepared according the method reported by Roberts and Bullock.^[@cit28]^ The solution was continuously sparged with H~2~, and after 1 min, the open circuit potential was measured. Measurements were repeated until a consistent value was obtained, which signaled saturation of H~2~. Following one more repeated open circuit potential measurement, an average open circuit potential of 1.222 V was determined. Data for these experiments appears in Fig. S4.[†](#fn1){ref-type="fn"}
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